Export of labeled material derived by continuous photosynthesis in
Export of organic substances from source leaves has been studied by a variety of methods, each with certain shortcomings. Studies of weight gain in sink organs (1, 2) require relatively long periods to measure net export from all source regions. Measuring the dry weight difference between C fixed and C accumulated in a source leaf enables net export from individual leaves to be calculated (6, 7, 9, 1 1). While the method gives a measure of the total export during a given period, it too requires a relatively long observation period which rules out the study of short term kinetics. The use of steady-state labeling methods and monitoring of import of "C by sink organs (5) permits continuous measurement of import of recently fixed assimilates from a labeled leaf. In this case, contributions from unlabeled or incompletely labeled pools will give an incomplete accounting of export and unless respiration of sink organs is followed, export which contributes to respiration is not measured.
Recently, the weight gain method has been modified to permit short term study of export of substances which have been labeled with a pulse of 4C02 (8, 10) . In this case, however, the kinetics of the pulse of labeled assimilate makes quantitative measurements difficult. This latter difficulty can be overcome by employing steady-state labeling of assimilate. The present study describes the development of a quantitative method for continuously measuring export of recently fixed, labeled C from a source leaf supplied with "CO2 at a steady concentration and specific radioactivity.
MATERIALS AND METHODS

PRINCIPLES OF OPERATION AND ASSUMPTIONS FOR MEASURING
EXPORT BY MONITORING SOURCE LEAF "C CONTENT Basis of Method. In this method, export of recently fixed C is measured by continuously determining the difference between the 'Supported by National Science Foundation Grant PCM77-15875. 2 Schematic diagrams and technical descriptions of the methods are available from the authors upon request. rate of net fixation of "CO2 and the rate at which "C-labeled C is retained in the leaf. The method has the same theoretical basis as procedures used by Goodall (6), Terry and Mortimer (11), and Ho (7) but it measures export and accumulation of recently fixed, labeled C rather than of total C. Export rate is calculated from the equation E = C -(F -A) where E is the rate of export of carbon that has been derived from fixation of labeled CO2 (,ug C dm 2 min-'), C is the rate of fixation of carbon (,ug C dm-min-'), A is the rate of retention of "C in the leaf (cpm dm-2 min-'), and F is a conversion factor, F, or FII, calculated by one of two methods (ug C cpm-').
Conversion Vol. 64, 1979 for the export of labeled C so the method measures total export only to the extent that the C being exported has reached isotopic equilibrium with the labeled CO2 being supplied. That C being exported, which is from pools which are not labeled or which have a lower specific radioactivity than the labeled CO2 being supplied, will give an incomplete accounting and to this degree the rate of export will be underestimated.
When conditions such as darkening the leaf are likely to decrease the specific radioactivity of the translocated material below isotopic saturation *FI and *FII can be computed in a manner analogous to that for FI and FII to give ,tCi cpm-1. In such cases *FI = *C/A where *C is the rate of fixation of labeled C (,uCi dm-2 min-') and *FII = L/Q. Export of 14C (,uCi dm-2 min-) can be calculated from the rate of fixation of '4CO2.
If the technique of source leaf monitoring is applied under circumstances where conditions are changed greatly, the distribution of 14C among minor veins, palisade parenchyma, and spongy parenchyma may change, thereby changing the detection efficiency and violating a basic assumption. Ordinarily after labeling has proceeded for tens of minutes, distribution of 14C appears to remain sufficiently constant to give linear accumulation in isolated leaves. The validity of the assumption needs to be evaluated before the method is used to study export under a given set of circumstances.
EXPERIMENTAL PROCEDURES
System for Supplying 14C02. The system used to supply "4CO2 and to measure photosynthesis ( Fig. 1 ) is a modification of one described previously (4) . Labeled CO2 is supplied on demand from a syringe under control provided by a recorder fitted with a set of microswitches and a logic circuit (3) . When net C fixation is not being measured by the rate of disappearance of C02, concentration of CO2 is maintained within 5 ,ul I' of the average concentration. Rates of fixation of CO2 and of '4C02 are obtained by measuring the rate of disappearance of the respective forms of CO2 from the closed gas system or by observing the rate of addition of CO2 needed to maintain a constant CO2 level. During periods of measurement of net photosynthesis by rate of disappearance, the CO2 concentration is varied between 550 and 450 ,il 1-'. In distinction to methods which measure export by observing 14C export from a source leaf after a pulse of '4Co2 (8, 10) , labeling in the present case is continuous during the monitoring period.
Monitoring Accumulation of "4C in a Source Leaf. The validity of this method requires that accumulation of 14C in the source leaf be measured continuously and accurately. The amount of 14C present in the monitored leaf is measured by means of a GM detector system which gives the 14C content in relative terms. A potential difficulty in the procedure is production of a high background count rate by the atmosphere containing 4 CO2. This high background was avoided by placing the window of the GM detector 3 mm below the leaf surface. Measurement of 14C distribution in the leaf revealed that the spacing did not interfere with the movement of air between the leaf blade and detector provided flow rates were at least 1,000 cm3 min-'. To 
CONTINUOUS MEASUREMENT OF EXPORT
in which the rate of export is near zero and consequently the rate of accumulation in the source leaf is constant. Net photosynthesis rates were measured to determine that they did not change and thus that the rate of accumulation was likely unchanged. In most cases the turgor of the leaf changed once the system was closed to the atmosphere, bringing about a change in the slope of the curve for "C accumulation in the monitored leaf.
The factor needed to restore the observed "C accumulation rate tracing to the true linear rate was plotted as a function of leaf thickness measured by the transducer (Fig. 3) . In all cases the plot of correction factor versus thickness was linear over the range of leaf thicknesses encountered. However, the values for slope of the curves varied by up to severalfold among experiments. One method that was employed to decide the slope of the specific curve to be used for correcting count rate for thickness changes was to calibrate the system after isotopic saturation was attained and before any treatment. The accumulation curves were linear during this period until changes in thickness occurred. It was assumed that the corrected accumulation curve should be linear and in this way the conversion factor needed to restore linearity was calculated for a period of 30 to 40 min. The correction curve specified in this manner was tested by applying it to the remainder of the experimental data for untreated isolated leaves. The resulting corrected accumulation curve remained linear and continuous with the first part for the duration of the measurement period (Fig. 3) . These results indicate the reliability of estimating the correction curve slope based on a limited span of data.
A second method, of more general application, is based on the assumption that the differences in slope of the correction curves are mainly due to differences in counting efficiency. The slope of the various correction curves, derived by the first method, showed a high negative correlation with leaf counting efficiency (r = -0.967). CFS = -3.07 x 10-6 CE + 0.00357 where CFS is the slope of the plot of correction factor as a function of leaf thickness and CE is the GM counting efficiency for the particular configuration in cpm Measurements and Calculations. Net photosynthesis measurements were made throughout the labeling period. At the end of the experiment, the lamina was converted to CO2 by wet oxidation and the "CO2 measured with an ion chamber electrometer. Any "C-labeled noncombustible material remaining after the oxidation procedure was assayed by liquid scintillation counting. Data for net photosynthetic C fixation rate were smoothed, as were the data for count rate from "4C accumulation in the monitored leaf.
Export was computed from the difference between these values. Data reduction lends itself well to analog-to-digital conversion and computer processing.
RESULTS AND DISCUSSION
VERIFICATION OF THE METHOD Nonexporting Leaves. To asses ability of the method to measure export, measurements were made on detached leaves with petioles immersed in water. Time course curves are given in Figure 4 for rates of net photosynthetic C fixation, accumulation of C in the monitored leaf lamina, and export of labeled assimilates from the lamina. Data for rates of net photosynthesis and accumulation were fitted by a least-squares polynomial method. Choice of the appropriate degree of polynomial to be used was determined by examining the shape of the data record and the error for trialfittings. The export curve was derived from the two rate curves by subtraction.
Data for five experiments of this type are summarized in Table   I . Calculation of export based on 14C recovered from the petiole and the specific radioactivity of the CO2 fixed is the most direct means for determining export and consequently these values have the smallest range of variability. Practically all of the 14C fixed was recovered and accounted for. This direct method was used as a basis for comparison to evaluate other methods of measuring export. For detached leaves export was generally under 5% of the net C fixed during the experimental labeling period. (0) calculated from the rates of net photosynthesis and accumulation of labeled C in the isolated source leaf lamina. Net photosynthesis rate data and )4C accumulation rate data in Figures 4, 5 , and 6 were smoothed by least-squares polynomial curve fitting. The over-all average for export obtained by GM monitoring of the source leaf lamina is the same as the data from direct measurement but the data from the present method have a range which is five times as large. When the error values are compared with the low export values for isolated leaves, the errors seem unacceptably large. These errors arise from the variability of the rates of photosynthesis and accumulation of labeled C assimilated by the lamina. Subtraction of these rates in isolated leaves yields an export rate which is approximately zero and gives rise to a large relative error. Absolute errors do not increase appreciably when export rates are higher and consequently the relative error improves greatly for larger export rates. The 10 values of export rate which are averaged in Table I CONTINUOUS MEASUREMENT OF EXPORT (5) . The time course for one of three such experiments is given in Figure 5 and data for comparison of the methods is shown in Table II . The values for import and export are similar with the export generally being slightly lower than import measurements. Respiration of labeled C by the beet and roots was measured and appear to be negligible in experiments of 4-to 6-h duration (data not shown) so one would expect the values for import and export to be nearly equal. KINETIC 
STUDIES
The method was used to study export from source leaves of intact plants. Data for one such experiment is given in Figure 6 . Export from a source leaf and import into sinks supplied in part by the monitored source leaf were measured before, during and after a 100-min period in which light intensity was doubled. Data for import into sinks were taken from a sink leaf importing largely from the monitored source leaf. The data are not intended to be a thorough study of kinetics of response to changes in illumination but to show the ability of the method to follow relatively rapid changes in export rate. The slower and smaller response of import into the sink as monitored in the sink leaf is likely to be a result of buffering of changes in translocation caused by the presence of storage areas along the path between the source and the monitored sink leaf and by contributions from other sink regions.
Measurement of export during steady-state labeling by monitoring net photosynthesis and accumulation of labeled C in a source leaf appears to be accurate and feasible for kinetic studies.
It seems to be particularly useful for studying changes in export in response to various treatments. Limits to the ability to study short term kinetics are set primarily by the capacity to measure changes in the rates of net photosynthesis and of accumulation of labeled C in the monitored source leaf. To the extent that export involves unlabeled compounds or materials derived from pools not at isotopic equilibrium with the labeled C02, translocation from the leaf will be underestimated. The method is currently being employed in studies of factors affecting allocation of recently fixed C for export.
